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SUMMARY 
 
This work is being performed as part of the DOE NE Spent Fuel and Waste Science and Technology 
Campaign, Argillite and Crystalline Rock R&D work packages: SF-20AN01030101 and SF-
20AN01030201 respectively. This document is submitted in fulfillment of milestone M4SF-
20AN010301013 for Argillite R&D and the milestone M4SF-20AN010302013 for Crystalline R&D.  
 
This report presents results from electrochemical experiments conducted to quantify the corrosion rates of 
the four most abundant alloys that make up the internal components of a typical spent fuel waste package 
(316 stainless steel, carbon steel, and aluminum alloy and Zircaloy-4) at several pH values and chloride 
concentrations. These rates are used to determine the amount of hydrogen gas generated during anoxic 
corrosion and to parameterize a prototype in-package chemistry (IPC) model that has been integrated with 
the fuel matrix degradation (FMD) model. The combined model provides spent fuel degradation rates over 
a range of Eh, pH and chemical conditions relevant for argillite and crystalline rock repository 
environments.  
 
This model combined model was developed by coupling the FMD model with the reactive transport code 
X1t, which is a module within the Geochemist’s Workbench (GWB) software package. The reactive 
transport model has been used to calculate the amount of H2 produced and accumulated within a breached 
waste package due to the corrosion of stainless steel, carbon steel, aluminum alloys and Zircaloy based on 
the corrosion rates measured in the experiments discussed in this report. The environmental dependencies 
of in-package alloy corrosion rates must be taken into account in the FMD model to represent the range of 
conditions that can occur in a breached waste package. Instantaneous alloy corrosion rates and 
environmental dependencies (Eh, pH, Cl, T) are needed to calculate the spent fuel degradation rates used 
to define the radionuclide source term in the GDSA repository performance models. The electrochemical 
measurements of alloy corrosion rates provide values and dependencies on T, Eh, pH, and Cl– conditions 
that are needed for source term model parameterization and validation for carbon steel and aluminum alloy, 
which corrode actively, and for 316 stainless steel and Zircaly-4, which passivate. 
 
The results of this study confirm the conclusions and recommendations that were identified and discussed 
in Jerden et al., 2017, Jerden et al., 2018 and Jerden et al., 2019. Several of the information gaps identified 
in those studies remain; however, the present work demonstrates that the electrochemical testing methods 
employed can be used to address the remaining data needs as discussed in Section 5 below.  
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1. INTRODUCTION AND OBJECTIVE 
 

The purpose of this project is to develop, test and implement a process model that provides the degradation 
rate of spent nuclear fuel under a wide range of conditions that can be readily incorporated into the geologic 
disposal safety assessment (GDSA) performance assessment (PA) code to provide reliable radionuclide 
source terms over the service life of a deep geologic repository. The fuel matrix degradation (FMD) model 
described herein was developed for this purpose and is currently being updated, optimized and tested. The 
FMD model is an electrochemical reactive-transport model built using fundamental redox kinetics and 
thermodynamics. It is based on the Canadian Mixed Potential Model (CMPM) of Shoesmith and King, 
1998, Shoesmith et al., 2003 and King and Kolar 2003 but quantifies the attenuating effect of H2 on the 
spent fuel degradation rate and has been customized for application in the ongoing spent fuel and waste 
science and technology (SFWS) campaign.   
 
The continuing development and implementation of the FMD model addresses two high level Features, 
Events, and Processes (FEPs) that are recognized as high R&D priorities for the SFWS campaign (Wang 
et al., 2014). The addressed FEPs include 2.1.02 (waste form) and 2.1.03 (waste container), which 
correspond to the high priority research topics P19 (Development of waste form degradation model) and 
P20 (Development of new waste package concepts and models for evaluation of waste package 
performance for long-term disposal) identified by Wang et al., 2014. 
 
Specifically, the FMD model employs mixed potential theory to calculate the degradation rate of UO2 by 
accounting for all major interfacial anodic and cathodic reactions. The major phenomena included in the 
FMD model are:  

 Hydrogen (H2) production from steel corrosion within a breached waste package, 
 Alpha radiolysis and radiolytic oxidant (e.g., H2O2) generation as a function of fuel burn-up, 
 Growth of a porous layer of uranyl oxyhydroxide and/or uranyl peroxide corrosion phases, 
 Complexation of dissolved uranium by carbonate, 
 Temperature variations of reaction rates, 
 One-dimensional diffusion of all chemical species to and from the fuel and steel surfaces, 
 Bulk solution reactions such as the oxidation of ferrous iron by O2 and radiolytic H2O2.  

 
The most important process included in the FMD model that was not addressed in the original CMPM is 
the oxidation of dissolved H2 at the spent fuel surface (Jerden et al., 2015). The H2 generated by steel 
corrosion in leaching experiments with spent fuel and simulated spent fuel has been seen to decrease the 
fuel degradation rate by as much as three orders of magnitude compared to the same tests performed in the 
absence of steel (e.g., Röllin et al., 2001, Ollila, 2008). How this H2 effect is represented in the FMD model 
is discussed in Section 2 below.  
 
Jerden et al., 2017 discussed including a corroding steel surface as a source of H2 in the FMD model 
(FMDM version 3). One notable finding from that work is the extensive coupling between the corrosion of 
waste package components and the corrosion of spent fuel, which must be taken into account to accurately 
predict radionuclide source terms. As discussed in Jerden et al., 2017, the Eh and pH conditions within a 
breached waste package will evolve with time due to the coupled reactions of alloy corrosion, radiolysis, 
and spent fuel dissolution.  
 
Depending on the waste package design, various waste package components will be in electrical contact 
when contacted by seepage water. Galvanic coupling and galvanically-induced corrosion will affect the 
dissolution rates of the individual waste components: the corrosion rate of the most susceptible component 
(which serves as the anode) will be accelerated and corrosion of the more noble component(s) (serving as 
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the cathode) will decrease. In this study, initial tests were conducted to measure the behaviors of the 
individual materials as they equilibrated under various test conditions. Future tests will be performed to 
measure corrosion rates of various coupled systems using a recently developed method. This will permit 
modeling of various waste package designs. Implementation of the metal corrosion model with the FMD 
model is demonstrated here by using rates measured for individual metals. More extensive experimental 
and modeling work is needed to accurately represent the dynamics of in-package chemistry, galvanically-
induced alloy corrosion, and fuel degradation. 
 
In Jerden et al., 2019, we discussed ongoing experimental work to measure the corrosion rates of waste 
package alloys and the parameterization of this information for use in the latest version of the FMD model 
(FMDM version 4). Here, we discuss electrochemical experiments that are being performed to parameterize 
the FMD model (V.4).  
 
As summarized in Jerden et al., 2019, the FMD model has been successfully integrated with the GDSA-PA 
code PFLOTRAN. The flow of information within the integrated FMDM – GDSA-PA model is 
summarized in Figure 1. The prototype in-package chemistry (IPC) model identified in Figure 1 has been 
implemented in the reactive transport code X1t, which is a module within the Geochemist’s Workbench 
software package. This IPC model is referred to as a “prototype” because it is anticipated that a different 
version of the in-package chemistry model will be required to facilitate integration with other GDSA 
process models (including the FMD model). 

 

 

Figure 1. Flow chart summarizing how the X1t in-package chemistry model and FMD model from this 
report combine with GDSA-PA models to calculate source term. 
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2. THE FUEL MATRIX DEGREDATION MODEL  
 
The FMD model is based on fundamental electrochemical principals, mixed potential theory, and traditional 
mass balance and reactive transport relationships (King and Kolar, 1999) to determine the degradation rate 
of the fuel. Specifically, the FMD model calculates the dissolution rate of spent fuel as a function of the 
interfacial corrosion potential (Ecorr), at which all of the anodic and cathodic half reactions occurring at the 
fuel/solution boundary are kinetically balanced with no net electron transfer. The dissolution rate (which 
corresponds to an anodic current due to the oxidation of U4+ to U6+) is relatively high under oxidizing 
conditions above the U(IV)/U(VI) threshold potential, but significantly lower at potentials where only 
solubility-limited chemical dissolution of U4+ occurs.   
 
The threshold potential for U(IV)/U(VI) oxidative dissolution depends on pH, as shown in Figure 2, and 
on the water chemistry. Under the reducing conditions envisioned in argillite and crystalline rock 
repositories, the Eh of the solution is expected to be below -0.1 VSHE between pH 7 – 9 (Laaksoharju et al., 
2008), which is well below the U(IV)/U(VI) threshold. However, the radiolysis of water by spent fuel to 
form H2O2 and other radiolytic oxidants can cause localized oxidizing conditions that drive the Eh far above 
the threshold for oxidative dissolution of the fuel, i.e., into the U(VI) stability field. The shaded area in 
Figure 2 shows the possible range of in-package conditions due to radiolysis. Thus, the FMD model must 
have the capability to address a pH range from about 4 to 11 and Eh values spanning the range of water 
stability. 
 

 
Figure 2. Pourbaix diagrams for uranium speciation showing possible range of conditions within a 
breached waste package due to radiolysis (shaded gray region). This diagram was drawn for a solution 
with 1x10-6 molal uranium and 1x10-4 molal carbonate. Eh is relative to standard hydrogen electrode 
(SHE). 

 
A number of experimental and modeling studies have shown that the oxidative dissolution of spent fuel in 
anoxic environments is counteracted by the catalyzed oxidation of H2 on fission product alloy phases 
referred to as the Ru -phase or noble metal particles (NMP) (e.g., Broczkowski et al., 2005, Shoesmith, 
2008, Grambow, et al., 2010). This phenomenon, which we refer to as the H2 effect, has been reported to 
decrease spent fuel dissolution rates by up to 3 orders of magnitude in comparison to the maximum 
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dissolution rates attained in the absence of H2 (e.g., Röllin et al., 2001, Ollila, 2008). The major goal of the 
ongoing FMD model development work is to implement an accurate model that quantifies the generation 
and accumulation of H2 and its influence on spent fuel degradation rates.   
 
Two main sources of H2 in the repository will be: (1) the radiolysis of in-package solutions, and (2) the 
anoxic corrosion of steels and other alloys present within the breached waste package and in the surrounding 
EBS and nearfield. Of these H2 sources, alloy corrosion has been shown to be, by far, the most important 
(e.g., Johnson and King, 2003, Turnbull, 2009). Therefore, we must account for alloy corrosion within a 
breached waste package to accurately represent the effect of H2 on spent fuel degradation rates. To this end, 
the FMD modeling work has expanded to include the quantification of alloy corrosion as a source of H2 
(e.g., Jerden et al., 2017, Jerden et al., 2018, Jerden et al., 2019).   
 
Our on-going work addresses the coupling between the corrosion of waste package components and the 
spent UO2 fuel. As shown in Jerden et al., 2017 and Jerden et al., 2019, the Eh and pH conditions within a 
breached waste package will evolve with time due to coupled reactions of alloy corrosion, radiolysis, and 
spent fuel dissolution. The latest FMD model accounts for radiolysis and takes a step towards accounting 
for coupled processes by linking alloy corrosion kinetics and fuel degradation rates. However, more 
experimental and modeling work is needed to more accurately model the dynamic relationship between 
spent fuel degradation and in-package alloy corrosion. 
 
 

2.1 Fuel Matrix Degradation Model Functionality 
 
The key processes represented in the latest version of the FMD model include: 

 The generation of radiolytic oxidants as a function of fuel burn-up,  
 The NMP -phase)-catalyzed oxidation of H2, which protects the fuel from oxidative dissolution,  
 The precipitation and growth of a uranyl oxyhydroxide (schoepite) corrosion layer that blocks 

radiolysis at the fuel/solution interface and slows the diffusion of reactants to and from the fuel 
surface,  

 The complexation of uranyl by carbonate,  
 The destruction of O2 and radiolytic H2O2 by ferrous iron within the bulk solution,  
 Temperature variations of reaction rates (by Arrhenius equations), 
 The one-dimensional diffusion of all chemical species to and from the fuel and steel surfaces,  
 The anoxic corrosion of alloy components to generate dissolved H2 and oxidized metals (e.g., 

ferrous iron from steel).  
 

As discussed above, the effect of H2 oxidation is the most important of the above processes for determining 
the fuel dissolution rate and the radionuclide source terms (Jerden et al. 2015). The second most important 
effect is the oxidative dissolution of the fuel by the radiolytic oxidant H2O2 and its decomposition product 
O2. In the FMD model, the H2O2 concentration is calculated using an analytical form of the radiolysis model 
developed at PNNL (Buck et al., 2014) and a burn-up/dose rate function derived from Radulescu, 2011.   
 
The layout and reaction scheme of the FMD model is shown in Figure 3.  
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Figure 3. Schematic diagram showing the conceptual layout and reaction scheme for the fuel matrix 
degradation model and identifying other key processes that influence in-package chemistry and 
radionuclide mobilization (Icorr indicates corrosion current). 

 

The steps involved in radionuclide release from spent fuel that are or will be represented in the FMD model 
are as follows:  

 In a breached waste package, groundwater will infiltrate open spaces within the canister and begin 
to corrode in-package alloys.   

 Alloy corrosion will produce H2 even when the infiltrating groundwaters are electrochemically 
reducing with respect to the fuel. This is because the stability fields of carbon steels and stainless 
steels lie below the stability field of water, as shown in Figure 4.   

 Assuming that the Zircaloy cladding has also been breached, the fuel will begin degrading when 
contacted by seepage water by either relatively rapid oxidative dissolution (~1 - 10 g/m2 yr) or by 
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relatively slow chemical dissolution (≤10-3 g/m2 yr). The degradation pathway depends on the Eh 
and pH of the seepage water and the dissolved concentration of H2.   

 The prototype X1t in-package chemistry model calculates H2 generation rates in this report, but 
these values will be computed within the FMD model in future iterations of the model. 

 

 
Figure 4. Pourbaix diagram showing the range of possible conditions within a breached waste package 
due to radiolysis (shaded gray region). 

 

2.2 Breached Waste Package Environment 
 
Simplified conceptual diagrams of a typical spent fuel waste package in a generic crystalline or argillite 
repository setting are shown in Figures 5 and 6 (adapted from Energy Solutions, 2015). These figures 
highlight the spatial arrangement of waste package components and key processes that the FMD model 
represents. As shown in Figures 5 and 6, the spent fuel assemblies will be surrounded by (and in close 
contact with) a number of alloy components within the waste package. These materials include carbon steel 
(C-steel), 316 stainless steel (316SS) and either borated aluminum or borated steel alloys. Another 
important material from the prospective of H2 production in the repository is the Zircaloy cladding retaining 
the fuel pellets (gold or yellow in Figures 5 – 6). Although Zircaloy is not considered as a barrier to 
radionuclide release in the current FMD or GDSA PA models, Zircaloy corrosion could be an important 
source of H2 and should be included in the FMD model. Quantifying the effect of Zircaloy corrosion in the 
FMD model is a subject of ongoing model development work.  
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Figure 5. Conceptual diagram of a generic waste package showing a conceptual canister-breaching 
scenario. BWR STAD denotes a boiling water reactor standard transport, aging and disposal canister and 
RN denotes radionuclides (adapted from Energy Solutions, 2015). 
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Figure 6. Conceptual diagram of a generic waste package showing a conceptual canister-breaching 
scenario (adapted from Energy Solutions, 2015). 
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3. ELECTROCHEMICAL CORROSION EXPERIMENTS ON IN-
PACKAGE ALLOYS: KINETICS OF H2 GENERATION 
 

3.1 Hydrogen Producing Reactions 
 
Accurate alloy corrosion rates that are measured under relevant disposal conditions are essential to model 
source term due to the dominant effect that H2 produced from alloy corrosion has on the spent fuel 
dissolution rate (as discussed in Section 2).  The half-cell reactions of particular interest for H2 generation 
during the oxidation of relevant alloys are as follows:   
 
Fe  Fe2+ + 2e- (Reaction 1) 
 
2H2O + 2e-  H2 + 2OH- (Reaction 2) 
2H+ + 2e-  H2  (Reaction 3) 
 
with the overall steel corrosion reactions 
 
Fe + 2H2O  H2 + Fe2+ + 2OH- (Reaction 4) 
Fe + 2H+  H2 + Fe2+ (Reaction 5) 
 
Analogous reactions can be written for zirconium and aluminum alloys:   
 
Zr + 2H2O  2H2 + ZrO2 (Baddeleyite) (Reaction 6) 
Al + 3H2O  1.5H2 + Al(OH)3 (Gibbsite)  (Reaction 7) 
 
Reactions 4 - 7 provide the fundamental coupling between alloy corrosion and H2 generation. The oxidation 
of minor alloy constituents (Cr, Mo, Ni, and Mn in steel and Sn in Zircaloy) will also contribute to the 
anodic current, but the oxidation of Fe (in steel), Al (in Boral), and Zr (in Zircaloy) will be dominant.  
 
As discussed in Jerden et al., 2017, there is a wealth of literature on steel corrosion, but much of the previous 
work was not done under repository-relevant conditions. Studies that did use relevant solutions, such as 
bentonite pore waters (see reviews by Johnson and King, 2003 and King, 2007), involved batch style 
immersion tests that provided average cumulative rates rather than the instantaneous corrosion rates needed 
to parameterize and validate the in-package chemistry model.   
 
Steel coupon immersion tests provide valuable information on the corrosion product mineralogy and the 
evolution of the chemical system. However, corrosion rates derived from immersion tests are based on 
cumulative mass loss measurements or corrosion layer thicknesses that do not indicate how the corrosion 
rate (and thus H2 generation rate) varies with time or conditions (most importantly, with the solution Eh). 
Knowing these dependencies of the H2 generation rate is essential for modeling spent fuel dissolution under 
evolving in-package chemical conditions.   
 
During an immersion test with a passivating steel, most of the mass loss occurs before the steel surface is 
passivated. This may skew the average rate to high values. We need to know how the instantaneous 
corrosion rate controlling the H2 generation changes as the conditions evolve to accurately represent the 
flux of H2 in the FMD model. Electrochemical techniques allow us to measure instantaneous rates under 
carefully controlled chemical and redox conditions. This is discussed further in Section 3.2.1. 
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Electrochemical tests also quantify the effects of surface stabilization due to passivation and localized 
corrosion (such a pitting) that can only be qualitatively observed in coupon immersion tests. Furthermore, 
electrochemical methods can measure rates on the order of 10-3 g m-2 yr-1 (10-4 m yr-1). Therefore, 
electrochemical methods yield reliable corrosion rates for durable EBS materials (including 316 stainless 
steel and Zircaloy cladding) and provide dependencies on environmental conditions needed to predict the 
long-term generation of H2 and attenuation of fuel degradation rates as the seepage water composition 
evolves. 
 

3.2 Electrochemical Corrosion Test Method  
The electrochemical corrosion experiments employ the standard three electrode method as described by 
Bard and Faulkner, 2001. The three-electrode cell used for the tests at Argonne consists of a 20 mL jacketed, 
borosilicate glass vessel with a mercury/mercurous sulfate reference electrode, a graphite counter electrode 
and a working electrode consisting of the alloy to be tested. A typical electrochemical cell and working 
electrode is shown in Figure 7. The voltages reported herein have been adjusted to the standard hydrogen 
electrode (SHE), which is the reference used in the FMD model.  
 

 
 
 
 

 

Figure 7. Three-electrode electrochemical cell used in Argonne electrochemical experiments (left) and an 
alloy working electrode (right).  

 
In the electrochemical tests, the composition of the electrolyte is used to impose chemical effects, including 
pH, Cl‒ concentration, and other solutes of interest, and a potentiostat is used to impose several surface 
potentials of interest, which can be significantly different than the Eh of the solution used in the test. The 
potentiostat allows a wide range of potentials to be applied to efficiently determine the effect of the solution 
redox (Eh) on the alloy corrosion and H2 generation rates under controlled chemical conditions. In practice, 
a potentiodynamic scan is performed to measure the corrosion potential (Ecorr) for the polished surface in 
the test solution and identify regions of active and passive behavior to be studied in subsequent 
potentiostatic tests. Several potentiostatic tests are conducted at voltages selected to measure the corrosion 
currents after stable passive layers have formed on passivating metals or after stable currents have been 
achieved by actively corroding metals. A stable current indicates that the surface has equilibrated under the 



Results from Fuel Matrix Degradation Model Parameterization Experiments 
June 8, 2020  11 
 
test conditions (pH, chloride concentration, temperature, applied potential) and is interpreted to represent 
the long-term corrosion rate under those conditions.  
 
 

3.2.1 Comparison of Results from Electrochemical Tests and Coupon 
Immersion Tests 

 
As discussed in Jerden et al., 2017, there are many studies in the literature addressing steel corrosion, but 
much of the previous work was not done under repository-relevant conditions. The studies that were done 
using relevant solutions, such as bentonite pore waters (see reviews by Johnson and King, 2003 and King, 
2007), involved batch style immersion tests that provided average cumulative rates rather than the 
instantaneous corrosion rates needed to parameterize and validate the FMD model.  The instantaneous 
corrosion rate refers to the oxidation reactions that result in the generation of H2. The FMD model tracks 
the kinetics for diffusion of the generated H2 to the fuel surface and its subsequent oxidation on noble metal 
particles.   
 
The immersion tests quantify the cumulative extent of corrosion (based on the specimen mass loss or 
thickness of the corrosion layer) that occurs over a given test duration; they do not provide the instantaneous 
corrosion rates needed to determine H2 generation rates (see Jerden et al., 2017). The difference between 
the cumulative rates from immersion tests and the instantaneous rates measured electrochemically is 
illustrated in Figure 8 (adapted from Jerden et al., 2017), where the blue curve represents the actual mass 
of a passivating metal such as 316 stainless steel that is oxidized during a coupon corrosion test.  The blue 
curve shows that the majority of corrosion occurs prior to passive stabilization and little further corrosion 
occurs after that. At the end of the immersion test duration, the oxide layer is carefully removed, and the 
corroded coupon is weighed to determine the mass lost due to corrosion; two blue circles are included in 
Figure 8 to represent the extents of corrosion measured after two durations. The two tests only provide the 
average corrosion rates indicated by the dashed green lines in Figure 9 after those test durations.  The 
corrosion behavior is not well-represented by the cumulative rates, which give an “artificial” dependence 
on the test duration.  That is, the average rate will decrease with longer test durations even though most of 
the mass loss occurred early in the test.  
 
The instantaneous rate of corrosion (which determines the H2 generation rate at each point in time) is given 
by the slope of the blue curve. That rate decreases significantly after the surface passivates and becomes 
much lower than the average cumulative rate.  In principle, an extensive series of immersion tests could be 
conducted for different durations to derive the mass loss curve, but the mass loss of a passivated surface 
will be too small to measure. Regardless, immersion test results do not indicate the dependence of the 
corrosion rate on the solution Eh that is needed for the FMD model. Immersion tests can only provide 
corrosion rates under the test conditions, which will drift as the solutions and specimen surfaces evolve.  
The electrochemical method employed for this study directly measures the metal oxidation rates needed to 
calculate H2 generation rates in the FMD model under wide ranges of controlled redox and test conditions 
(Eh, pH, chloride concentrations).  
 
The electrochemical tests can measure oxidation rates on the order of 10-3 g m-2 yr-1 (10-4 m yr-1) and 
quantify the effects of localized corrosion processes, such as pitting, and surface passivation on the 
corrosion rate.  The electrochemical method provides reliable corrosion rates for durable EBS materials 
(including Zircaloy cladding) over the wide range of environmental conditions that could occur in a 
breached waste package that are needed to predict the generation of H2. 
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Figure 8. Conceptual diagram showing how mass loss measurements of steel corrosion rates in 
immersion tests yield rates that do not represent the corrosion kinetics (adapted from Jerden et al., 2017). 

 

3.2.2 Data Analysis Method 

 

Potentiostatic tests are conducted to monitor the current as the material surface interacts with the solution, 
which may result in passivation or active corrosion. In most cases, a steady current is achieved within a few 
days and indicates a constant corrosion rate. The steady current densities measured in the potentiostatic test 
are converted directly into alloy corrosion rates by using Faraday’s Law which relates the cumulative charge 
transferred through the working electrode to the mass of metal oxidized during an experiment (Equation 1).  
Since the cumulative charge transferred is a function of the reaction current over time (Equation 2) we can 
use current densities measured during potentiostatic tests to calculate corrosion rates (Equations 3 and 4) 
 

𝑚 =
ொெ

௡ி
  Equation 1 

 
where 𝑚 is the mass of substance oxidized, 𝑄 is the total electric charge passed through the electrode 
substance, 𝑀 is the molecular weight of the electrode substance, 𝐹 is the Faraday constant, and 𝑛 is the 
number of electrons transferred.   
 
The cumulative electric charge 𝑄 is the integrated reaction current measured at the electrode:  
 

𝑄 = ∫ 𝐼(𝑡)
௧

଴
𝑑𝑡   Equation 2 

 
Where 𝐼(𝑡) is the reaction current measured at the electrode at time t. Therefore, the mass of material 
oxidized at the electrode surface can also be calculated from the measured reaction current at the electrode.  
If the corrosion current is constant, the mass corroded over an interval Δt can be calculated as: 
 

𝑚 =
ூ∙Δ௧ ெ

௡ி
  Equation 3 

 
and the rate can be calculated as 
 

𝑟𝑎𝑡𝑒  =  
௠

௱௧
  =  

ூெ

௡ி
 Equation 4 

Extent of  
Corrosion 
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The current and mass released can be normalized to the surface area of the electrode to give corrosion rates 
in units of g m-2 yr-1, which can be converted to penetration rates in mm yr-1 using the density of the steel.  
It also gives the H2 generation rate using the stoichiometry of Reactions 4 – 7 shown above. 
 
Each electrochemical experiment involves the following sequence of steps: 
 

 Electrochemical cleaning at a potential far below the corrosion potential of the material to remove 
any native oxide from the sample electrode,  

 Potentiodynamic scans to determine Ecorr of alloy under chemical conditions of interest,  
 Potentiostatic holds (up to 8 days) at several relevant redox conditions to quantify effects of 

passivation, 
 Periodic electrical impedance spectroscopy analyses to characterize the evolving properties of 

corroded surface, 
 Detailed microscopy (reflected light, SEM/EDS) to characterize changes in alloy microstructures 

during test.  
 
The results from these tests provide the following information:  
 

 Corrosion rates for surfaces equilibrated under controlled environmental conditions,  
 Electrical properties of the passivated surfaces to provide confidence in their long-term stability,  
 Data to derive analytical expressions for key corrosion rate dependencies (Eh, pH, chloride 

concentration) to calculate evolution of H2 concentrations in breached waste package, 
 Corrosion products for further analyses. 

 
The Butler-Volmer equation (as defined by Bard and Faulkner, 2001) relates the anodic current density to 
the applied over-potential as:  
 

𝑗௔ = 𝑗଴ ∙ exp ቀ
(ଵିఈ)∙௭∙ி

(ோ∙்)
(𝐸 − 𝐸௘௤)ቁ                    (Equation 5) 

 
where 𝑗௔ is the anodic current density (A m-2), 𝑗଴ is the exchange current density (A m-2), 𝛼 is the charge 
transfer coefficient, 𝑧 is the number of electrons involved in the corrosion reaction, F is the Faraday 
constant, R is the universal gas constant, T is absolute temperature, 𝐸௘௤ is the equilibrium electrode potential 
(Ecorr) and 𝐸 is the instantaneous electrode potential applied during the test. The Butler-Volmer equation is 
typically restricted to deviations from less than 0.2 V and the high applied potentials used to represent the 
range of conditions that could occur in a disposal system will likely result in deviations from Butler – 
Volmer behavior. The added effects of high pH and chloride concentrations may also lead to deviations. 
The dependencies can be represented using empirical relationships determined by plotting corrosion rate as 
a function of applied potential, pH, and chloride concentration. This approach allows us to define the 
analytical functions needed in the X1t in-package chemistry model to predict the H2 generation rates (from 
alloy corrosion) over the wide range of relevant Eh and pH conditions to be input into the FMD model. The 
empirical dependencies of the alloy corrosion rates on pH and chloride are quantified in Section 3.3.  
 

 

3.3 Results from Electrochemical Corrosion Tests 
 
The test conditions and results from the electrochemical corrosion tests are shown in Tables 1 - 3 and the 
data trends are shown in Figures 9 - 30.  
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The effects of Eh, as represented by the applied potentials in the potentiostatic tests, are quantified in the 
IPC – FMD model using an exponential dependence consistent with the form of the Butler-Volmer equation 
(Equation 5). Preliminary empirical relationships for the effects of pH and chloride concentration on the 
alloy corrosion rates are being derived for data sets showing regular trends (Equations 6 – 21). Exponential 
functions provide reasonable quantitative descriptions of the data under most experimental conditions 
(Figures 11, 14, 16, 17, 18, and 26), though many deviations are not yet understood. Future experimental 
work will aim to better quantify the combined effects to provide more accurate analytical functions that 
quantify the alloy corrosion rate dependence on Eh, pH, chloride and temperature.  
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3.3.1 AISI 4320 Carbon Steel and Boral 

 

The results for AISI 4320 carbon steel and Boral corrosion under different test conditions are provided in 
Table 1. Both the experimentally measured current densities (CD) and calculated corrosion rates (CR) are 
provided. A few corrosion tests that were run at potentials of -0.06 VSHE and lower had net cathodic 
currents (i.e., negative values), indicating that the test potentials were lower than Ecorr under those 
conditions. (Note that the value of Ecorr increases as the surface passivates.) The cathodic currents indicate 
the rate of cathodic reactions catalyzed by the metal surface, including H2 formation (Reaction 3 above).  

Table 1. Current densities and corrosion rates from electrochemical corrosion tests on AISI 4320 (carbon 
steel) and Boral 

Alloy pH 
NaCl 

(molal) Quantity* Volts vs. SHE 

    0.49 0.24 -0.06 -0.26 -0.44 -0.66 

4320  
(C-steel) 

4 4.3E-03 
CD 1.2E-02 ---- ---- ---- ---- ---- 

CR 1.1E+06 ---- ---- ---- ---- ---- 

7 4.3E-03 
CD 1.4E-03 ---- ---- ---- ---- ---- 

CR 1.2E+05 ---- ---- ---- ---- ---- 

10 

1.7E-09 
CD 3.8E-07 1.9E-07 -6.6E-06 ---- ---- ---- 

CR 3.5E+01 1.7E+01 Cathodic ---- ---- ---- 

4.3E-03 
CD 1.5E-03 ---- -1.7E-06 ---- 7.7E-05 -2.5E-05 

CR 1.4E+05 ---- Cathodic ---- 7.0E+03 Cathodic 

1.0E-01 
CD 1.1E+00 1.5E-02 9.3E-04 ---- ---- ---- 

CR 9.7E+07 1.4E+06 8.5E+04 ---- ---- ---- 

Boral 10 4.3E-03 
CD 1.5E-03 5.8E-04 ---- 1.4E-04 ---- ---- 

CR 4.4E+04 1.7E+04 ---- 4.2E+03 ---- ---- 

*CD = current density (A cm-2), CR = Corrosion Rate (g m-2yr-1), ---- = not measured. 
 
The lowest carbon steel corrosion rate measured was 1.7 g m-2yr-1 for the test with 17 nanomolal NaCl, 
0.24 VSHE, and pH 10, while the highest carbon steel corrosion rate measured was 9.7  107 g m-2yr-1 at 100 
millimolal NaCl, 0.49 VSHE, and pH 10. The measured corrosion rates of carbon steel strongly depend on 
the concentration of NaCl. The effect of pH on the corrosion rate of carbon steel is not as significant as 
NaCl concentration. When NaCl is 4.3 millimolal and the potential is held at 0.49 VSHE, the corrosion rate 
is highest at pH 4 (1.1  106 g m-2yr-1) and approximately an order of magnitude lower at both pH 7 and 
pH 10.  
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Figure 9 presents selected potentiostatic scans from carbon steel experiments at pH 10, 0.1 molal NaCl, and 
potentials ranging from 0.49 VSHE to -0.26 VSHE. The current densities in these scans remain high and do 
not reach clearly stable values at the positive hold potentials in Figure 9. The high current densities are 
attributed to the lack of passivation for this alloy (the magnetite corrosion product layers are porous and do 
not electrochemically protect the alloy surface from future corrosion).   
 

 

Figure 9. Potentiostatic tests on AISI 4320 (carbon steel) at pH 10, 0.1 molal NaCl, and 3 fixed potentials 
(VSHE). 
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Figure 10. Potentiostatic test results on Boral at pH 10, 4.3 millimolal NaCl, and various fixed potentials 
(VSHE). 

The Boral corrosion rates, which were only measured at pH 10 and in 4.3 millimolal NaCl solution, are 
nearly the same order of magnitude as those measured for carbon steel under the same conditions (Table 
1). Corrosion of the Al cladding of the Boral material forms porous aluminum oxide/hydroxide corrosion 
products that do not effectively passivate the surface and high corrosion rates persist. The currents measured 
in the potentiostatic tests with the Boral at pH 10, 4.3 millimolal NaCl, and positive hold potentials (i.e., 
0.49 VSHE and 0.24 VSHE) are erratic during the measurement (Figure 10), probably due to pitting. The 
average of the current density values beyond Day 1 was used to calculate the corrosion rate.  

 

Figure 11 shows the corrosion rate data trends for tests with carbon steel as a function of applied potential 
in different electrolyte compositions. The best-fit lines in the plot depict the relationship between corrosion 
rate and applied potential. The increase in the carbon steel corrosion rate with increasing NaCl concentration 
is clear in Figure 11. 
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Figure 11. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for AISI 4320 (carbon 
steel) at pH 10 and various NaCl concentrations overlaid with exponential best-fit lines (Equations 6 – 8). 

 
The best trendline fits to the data shown in Figure 11 are exponential relationships:  
 
For the 0.1 molal data the fit is:  
 
𝐶𝑅 = 1.253𝑥10ହ ∙ exp(12.683 ∙ 𝐸), R2: 0.97           (Equation 6) 
 
For the millimolal data the trend is:  
 
𝐶𝑅 = 2.81𝑥10ସ ∙ exp(3.193 ∙ 𝐸)              (Equation 7) 
 
And for the nanomolal data the trend is:  
 
𝐶𝑅 = 8.413 ∙ exp(2.879 ∙ 𝐸)               (Equation 8) 
 
The corrosion rates for AISI 4320 plotted as functions of pH and chloride concentrations are shown in 
Figures 12 and 13.  
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Figure 12. Corrosion rates plotted against pH for AISI 4320 (carbon steel) at 4.3 millimolal NaCl 
concentration and 0.49 VSHE.  

 
Figure 13. Corrosion rates plotted against pH for AISI 4320 (carbon steel) at pH 10 and 0.49 VSHE 

(regression line is given in Equation 9).   
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The NaCl concentration dependence of the carbon steel corrosion rate is fit best by a power law: 

𝐶𝑅 = 8.0𝑥10଻ ∙ [𝑁𝑎𝐶𝑙]଴.଻ସହସ, R2 = 0.918            (Equation 9) 

 

Figures 14 shows the corrosion rate data trends as a function of applied potential in different electrolyte 
compositions for the borated aluminum composite material Boral. The best-fit line in the plot depicts the 
relationship between the corrosion rate and redox potential.  

 

 

Figure 14. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for Boral at pH 10 and 4.3 
millimolal NaCl overlaid with an exponential best-fit line (Equation 10). 

 

The best trendline fit to the corrosion rate data for Boral shown in Figure 14 is an exponential 
relationship:  
 
𝐶𝑅 = 8.88𝑥10ଷ ∙ exp(3.086 ∙ 𝐸), R2: 0.994            (Equation 10) 
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3.3.2 316 Stainless Steel 

 

Table 2 reports the current densities and corrosion rates of 316 stainless steel measured at various pH, NaCl 
concentration, and hold potential. The highest corrosion rate (1.2  103 g m-2 yr-1) was measured in the 
solution containing 630 millimolal NaCl at pH 4 and held at 0.49 VSHE and the lowest corrosion rate (1.2  
10-2 g m-2 yr-1) was measured in the solution containing 4.3 millimolal NaCl at pH 10 and held at 0.14 VSHE. 
Many corrosion tests that were run below 0.14 VSHE, and a few that were run above, showed net cathodic 
currents (i.e., negative values for current density), signifying that measurement potentials were lower than 
Ecorr. 

 

Table 2. Current densities and corrosion rates from electrochemical corrosion tests on 316 stainless steel 

Alloy pH NaCl (molal) Quantity* Volts SHE 

    0.49 0.34 0.24 0.14 -0.01 -0.26 

316SS 

4 

1.7E-09 
CD 7.1E-09 -1.8E-09 -1.3E-09 ---- ---- ---- 

CR 2.5E-02 Cathodic Cathodic ---- ---- ---- 

4.3E-03 
CD 8.6E-09 2.7E-09 1.2E-09 -1.1E-09 ---- ---- 

CR 7.2E-01 2.3E-01 1.0E-01 Cathodic ---- ---- 

1.0E-01 
CD 7.1E-09 2.7E-09 1.5E-09 ---- ---- ---- 

CR 5.9E-01 2.3E-01 1.2E-01 ---- ---- ---- 

6.3E-01 
CD 1.4E-05 3.3E-09 ---- ---- ---- ---- 

CR 1.2E+03 2.8E-01 ---- ---- ---- ---- 

7 

1.7E-09 
CD 3.2E-09 2.5E-09 7.0E-10 ---- -3.2E-06 -2.5E-09 

CR 2.7E-01 2.1E-01 5.9E-02 ---- Cathodic Cathodic 

4.3E-03 
CD 4.1E-08 3.4E-09 2.6E-09 4.3E-09 -1.7E-07 -8.2E-06 

CR 3.4E+00 2.9E-01 2.1E-01 3.6E-01 Cathodic Cathodic 

1.0E-01 
CD 1.2E-08 1.6E-09 3.9E-09 ---- -6.4E-08 -4.5E-06 

CR 9.6E-01 1.3E-01 3.2E-01 ---- Cathodic Cathodic 

6.3E-01 
CD 1.1E-08 1.3E-08 ---- ---- ---- ---- 

CR 8.8E-01 1.0E+00 ---- ---- ---- ---- 

10 

1.7E-09 
CD 5.1E-09 2.0E-10 1.9E-09 ---- 4.0E-10 -7.9E-06 

CR 4.3E-01 1.6E-02 1.6E-01 ---- 3.4E-02 Cathodic 

4.3E-03 
CD 3.2E-09 1.0E-09 4.9E-10 1.4E-10 -1.5E-09 -3.8E-06 

CR 2.7E-01 8.5E-02 4.1E-02 1.2E-02 Cathodic Cathodic 
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1.0E-01 
CD 2.0E-09 5.1E-09 -6.7E-10 ---- -8.1E-08 -8.7E-06 

CR 1.7E-01 4.2E-01 Cathodic ---- Cathodic Cathodic 

6.3E-01 
CD 8.2E-10 2.9E-09 ---- ---- ---- ---- 

CR 6.8E-02 2.4E-01 ---- ---- ---- ---- 

*CD = current density (A cm-2), CR = Corrosion Rate (g m-2yr-1), ---- = not measured. 
 
Figure 15 presents representative data from potentiostatic tests on 316 stainless steel measured in solutions 
containing 17 nanomolal NaCl at pH 10 and at 3 designated hold potentials. The gaps in the current profiles 
are due to the performance of electrochemical impedance spectroscopy (EIS), the results of which will be 
discussed in a future report. The thickness of the curves are a result of the dynamic balance between anodic 
and cathodic reactions occurring of the electrode surface, and the higher values after about seven days were 
used to calculate corrosion rate. The corrosion currents stabilized relatively rapidly (after day 2) in tests at 
the higher potentials, coinciding with the passivation of the material by a thin chromium oxide layer. The 
surface did not passivate in the test at -0.26 V and a cathodic current occurred. 
 

 
Figure 15. Potentiostatic test results on 316 stainless steel at pH 10, 17 nanomolal NaCl, and various 
fixed potentials (VSHE). 

 

In general, the corrosion rates of 316 stainless steel do not vary significantly with NaCl concentration at pH 
4 and 7, which is apparent from the overlaid datasets in Figures 16 and 17, respectively. Representative 
best-fit lines are shown for the data collected in solutions of 4.3 millimolal NaCl for both plots (Figures 16 
and 17). At pH 10, the corrosion rate of 316 stainless steel is dependent on NaCl concentration (Figure 18). 
For the hold potentials measured in this study, the corrosion rates in solutions of 1.7 nanomolal NaCl are 
approximately an order of magnitude greater than in solutions of 4.3 millimolal NaCl. However, in solutions 
of 0.1 molal NaCl and 1 molal NaCl, the corrosion rate unexpectedly decreases with increasing hold 
potential (Figure 18).  
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Figure 16. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for 316 stainless steel at 
pH 4 and various NaCl concentrations overlaid with an exponential best-fit line (Equation 11). 

 

 

Figure 17. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for 316 stainless steel at 
pH 7 and various NaCl concentrations overlaid with an exponential best-fit line. 
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Figure 18. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for 316 stainless steel at 
pH 10 and various NaCl concentrations overlaid with exponential best-fit lines (Equations 13 and 14). 
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The best fit trendlines for the corrosion rate data shown in Figures 16, 17 and 18 are exponential 
relationships:  
 
for the stainless steel corrosion at pH 4 (Figure 16) the relationship for the 4.3 millimolal data is:  
 
𝐶𝑅 = 1.64𝑥10ିଶ ∙ exp(7.638 ∙ 𝐸), R2: 0.999           (Equation 11) 
 
the relationship at pH 7 (Figure 17) for the 4.3 millimolal data is:  
 
𝐶𝑅 = 3.4𝑥10ିଷ ∙ exp(13.734 ∙ 𝐸), R2: 0.978           (Equation 12) 
 
the relationship at pH 10 (Figure 18) for the 4.3 millimolal data is:  
 
𝐶𝑅 = 2.8𝑥10ିଷ ∙ exp(10.33 ∙ 𝐸), R2: 0.993            (Equation 13) 
 
and the best fit trend for the nanomolal data shown in Figure 18 is:  
 
𝐶𝑅 = 3.8𝑥10ିଶ ∙ exp(5.079 ∙ 𝐸), R2: 0.985            (Equation 14) 
 
The pH dependence of the 316 stainless steel corrosion rates are shown in Figures 19, 20 and 21. 
 

 
Figure 19. Corrosion rates plotted against pH for 316 stainless steel at 1.7 nanomolal NaCl concentration. 

The best fit trend line for the pH dependence of the stainless steel corrosion rate at 0.49 V shown in Figure 
19 is a power law function:  

𝐶𝑅 = 0.0049 ∙ [𝑝𝐻]ଵ.ଽ଻ସ, R2 = 0.989             (Equation 15) 
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Figure 19. Corrosion rates plotted against pH for 316 stainless steel at 4.3 nanomolal NaCl concentration. 

 

 
Figure 20. Corrosion rates plotted against pH for 316 stainless steel at 0.1 molal NaCl concentration. 
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The data shown in Figures 20 and 21 do not show regular trends for the stainless steel corrosion rate 
dependence on pH.  
 
The dependence of the stainless steel corrosion rate on salt concentration are shown in Figures 22, 23 and 
24. These data generally do not show regular tends.   
 

 
Figure 21. Corrosion rates plotted as a function of NaCl concentration 316 stainless steel at pH 4.  
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Figure 22. Corrosion rates plotted as a function of NaCl concentration 316 stainless steel at pH 7. 

 
The stainless steel corrosion rate dependence on the NaCl concentrations for the 0.24 V data shown in 
Figure 23 is best fit by a power law:  
 
𝐶𝑅 = 0.3326 ∙ [NaCl]଴.ଵଷଶ, R2: 0.943             (Equation 16) 
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Figure 23. Corrosion rates plotted as a function of NaCl concentration 316 stainless steel at pH 10. 

 

3.3.3 Zircaloy-4 

 
The corrosion test results for Zircaloy-4 are provided in Table 3. The highest measured corrosion rate (6.1 
 10-1 g m-2 yr-1) is reported at pH 10, 100 millimolal NaCl, and 0.49 VSHE, and the lowest measured 
corrosion rate, which is just an order of magnitude lower (5.4  10-2 g m-2 yr-1), is reported at pH 10, 4.3 
millimolal NaCl, and -0.01 VSHE. 
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Table 3. Current densities and corrosion rates from electrochemical corrosion tests on Zircaloy-4 

Alloy pH NaCl (molal) Quantity* Volts SHE 

    0.49 0.34 0.24 -0.01 -0.46 

Zircaloy-4 

4 

1.7E-09 
CD 1.1E-09 ---- ---- ---- ---- 

CR 8.0E-02 ---- ---- ---- ---- 

4.3E-03 
CD 3.7E-09 2.7E-09 ---- ---- ---- 

CR 2.7E-01 2.0E-01 ---- ---- ---- 

1.0E-01 
CD 4.6E-09 ---- ---- ---- ---- 

CR 3.4E-01 ---- ---- ---- ---- 

7 

1.7E-09 
CD 2.9E-09 ---- ---- ---- ---- 

CR 2.2E-01 ---- ---- ---- ---- 

4.3E-03 
CD 2.5E-09 ---- ---- ---- ---- 

CR 1.9E-01 ---- ---- ---- ---- 

1.0E-01 
CD 4.8E-09 ---- ---- ---- ---- 

CR 3.6E-01 ---- ---- ---- ---- 

10 

1.7E-09 
CD 2.6E-09 ---- 1.7E-09 ---- ---- 

CR 1.9E-01 ---- 1.3E-01 ---- ---- 

4.3E-03 
CD 5.6E-09 ---- 2.5E-09 7.3E-10 -2.6E-07 

CR 4.2E-01 ---- 1.8E-01 5.4E-02 Cathodic 

1.0E-01 
CD 8.2E-09 ---- 1.7E-09 1.4E-09 -4.0E-06 

CR 6.1E-01 ---- 1.3E-01 1.1E-01 Cathodic 
*CD = current density (A cm-2), CR = Corrosion Rate (g m-2yr-1), ---- = not measured. 
 
Figure 25 depicts typical results from potentiostatic tests on Zircaloy-4. Steady state is reached relatively 
rapidly (by day 3) with very low current densities, which is due to the formation of a zirconium oxide layer 
that protects the surface from corrosion by limiting the diffusion of reactive chemical species. The corrosion 
rates of Zircaloy-4 are minimally affected by the NaCl concentration in solution, which is shown for tests 
at pH 10 in Figure 26. The dotted line in Figure 26 is the best-fit line for the data collected in solutions of 
4.3 mM NaCl.  
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Figure 24. Potentiostatic test results on Zircaloy-4 at pH 10, 0.1 molal NaCl, and various fixed potentials 
(VSHE). 

 

 

Figure 25. Corrosion rates plotted against potentiostatic fixed potentials (VSHE) for Zircaloy-4 at pH 10 
and various NaCl concentrations overlaid with an exponential best-fit line (Equation 17). 
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The dependence of the Zircaloy corrosion rate on potential is best fit by an exponential relationship. The 
best fit trend line for the 4.3 millimolal data in Figure 26 is:  

 
𝐶𝑅 = 5.97𝑥10ିଶ ∙ exp(4.074 ∙ 𝐸), R2: 0.987           (Equation 17) 
 
The dependence of the Zircaloy corrosion rate on pH is shown in Figure 27. The trend lines shown in the 
plot are, for the 0.1 molal data:  
 
𝐶𝑅 = 0.138 ∙ [pH]଴.ହଽଷଽ, R2: 0.72              (Equation 18) 
 
And for the nanomolal data:  
 
𝐶𝑅 = 0.021 ∙ [pH]ଵ.଴ସହ, R2: 0.78              (Equation 19) 
 

 
Figure 26. Corrosion rates plotted against pH for Zircaoly at 0.49 VSHE. The trendlines shown are defined 
in Equations 18 and 19. 
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Figure 27. Zircaloy corrosion rates plotted as a function of NaCl concentration. The trendlines are 
defined in Equations 20 and 21.  

 
The dependence of the Zircaloy corrosion rates on the chloride concentration (Figure 28) are best fit by 
the following power laws for the 0.49 V, pH 10 and 0.49 V, pH 10 data respectively:  
 
𝐶𝑅 = 0.644 ∙ [NaCl]଴.଴଺଴ଶ, R2: 0.972             (Equation 20) 
 
𝐶𝑅 = 0.417 ∙ [NaCl]଴.଴଼ଵ଻, R2: 0.999             (Equation 21) 
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3.4 Summary of Electrochemical Corrosion Tests 
 
Figures 29 and 30 show the best fit trends for all of the electrochemical experiments described above. The 
dotted lines indicate the corrosion rates used for the IPC – FMD model sensitivity model runs discussed in 
Section 4.0 below. By comparing Figures 29 and 30, it is clear that, on average, carbon steel and Boral 
exhibit corrosion rates that are orders of magnitude higher than 316 stainless steel and Zircaloy-4. In 
addition, the corrosion rate of carbon steel at millimolal concentrations of NaCl is much greater than at 
nanomolal concentrations of NaCl. During electrochemical corrosion tests, a passivating layer that is 
effective at protecting the surface from corrosion does not build up on the carbon steel and Boral surface, 
which explains the high corrosion rates measured in this study. In contrast, effective metal oxide/hydroxide 
passivating layers do build up relatively quickly on 316 stainless steel and Zircaloy-4 surfaces, accounting 
for the low corrosion rates measured for these materials.  
 
It should be noted that the relationships represented in Figures 29 and 30 were extrapolated based on the 
data sets shown in Figures 9 to 28 above. Future measurements will further quantify the alloy corrosion 
rate dependence on pH, chloride concentrations and temperature to produce more accurate and applicable 
analytical functions. The empirical relationships that describe the datasets shown in Figures 9 – 28 are 
shown in Table 4.  

 

 

Figure 29. Comparisons of corrosion rate vs. potential (VSHE) for AISI 4320 (carbon steel) and Boral at 
pH 10 and a range of NaCl concentrations. The dotted lines indicate the corrosion rates used in the IPC – 
FMD model sensitivity runs discussed in Section 4 below. 
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Figure 28. Comparisons of corrosion rate vs. potential (VSHE) for 316 stainless steel and Zircaloy-4 at 
mM NaCl and a range of fixed pH values. The dotted lines indicate the corrosion rates used in the IPC – 
FMD model sensitivity runs discussed in Section 4 below. 
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Table 4. Empirical functions (Equations 6 – 21) derived from the potentiostatic test results 
discussed in Section 3.3. 

Alloy Test Conditions Empirical Function* R2  
AISI 4320 (C-steel) 0.1 M NaCl, pH 10 𝐶𝑅 = 1.253𝑥10ହ ∙ exp(12.683 ∙ 𝐸) 0.97  

AISI 4320 (C-steel) 4.3 mM NaCl, pH 10 𝐶𝑅 = 2.81𝑥10ସ ∙ exp(3.193 ∙ 𝐸) 2 points  

AISI 4320 (C-steel) 1.7 nM NaCl, pH 10 𝐶𝑅 = 8.413 ∙ exp(2.879 ∙ 𝐸) 2 points  

Boral 4.3 mM NaCl, pH 10 𝐶𝑅 = 8.88𝑥10ଷ ∙ exp(3.086 ∙ 𝐸) 0.994  

316SS 4.3 mM NaCl, pH 4 𝐶𝑅 = 1.64𝑥10ିଶ ∙ exp(7.638 ∙ 𝐸) 0.999  

316SS 4.3 mM NaCl, pH 7 𝐶𝑅 = 3.4𝑥10ିଷ ∙ exp(13.734 ∙ 𝐸) 0.978  

316SS 4.3 mM NaCl, pH 10 𝐶𝑅 = 2.8𝑥10ିଷ ∙ exp(10.33 ∙ 𝐸) 0.993  

316SS 1.7nM NaCl, pH 10 𝐶𝑅 = 3.8𝑥10ିଶ ∙ exp(5.079 ∙ 𝐸) 0.985  

Zircaloy-4 4.3 mM NaCl, pH 10 𝐶𝑅 = 5.97𝑥10ିଶ ∙ exp(4.074 ∙ 𝐸) 0.987  

316SS 0.49 VSHE, 1.7 nM NaCl 𝐶𝑅 = 0.0049 ∙ [pH]ଵ.ଽ଻ସ 0.989  

Zircaloy-4 0.49 VSHE, 0.1 M NaCl 𝐶𝑅 = 0.138 ∙ [pH]଴.ହଽଷଽ 0.72  

Zircaloy-4 0.49 VSHE, 1.7 nM NaCl 𝐶𝑅 = 0.021 ∙ [pH]ଵ.଴ସହ 0.78  

AISI 4320 (C-steel) 0.49 VSHE, pH 10 𝐶𝑅 = 8.0𝑥10଻ ∙ [NaCl]଴.଻ସହସ 0.918  

316SS 0.24VSHE, pH 7 𝐶𝑅 = 0.3326 ∙ [NaCl]଴.ଵଷଶ 0.943  

Zircaloy-4 0.49 VSHE, pH 10 𝐶𝑅 = 0.644 ∙ [NaCl]଴.଴଺଴ଶ 0.972  

Zircaloy-4 0.24VSHE, pH 4 𝐶𝑅 = 0.417 ∙ [NaCl]଴.଴଼ଵ଻ 0.999  

*CR: corrosion rate, E: the applied potential for the potentiostatic tests (represents Eh).  
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4. IN-PACKAGE CHEMISTRY SIMULATION AND THE FUEL MATRIX 
DEGRADATION MODEL: ROLE OF ALLOY CORROSION 
 
Building on the modeling approach described in Jerden et al., 2019, the 1-D reactive transport code X1t (a 
module within the Geochemist’s Workbench (GWB) software package) was used to implement a prototype 
in-package chemistry (IPC) model that was coupled to the FMD model. The IPC model was used to track 
how the corrosion rates of in-package alloy components and the resulting H2 concentrations evolve over a 
range of repository relevant time scales and conditions. The coupled FMD model determines how the spent 
fuel degradation rate changes based on H2 concentration history calculated by the X1t IPC model. The 
models were parameterized using the experimental data discussed in Section 3 above.  
 
The thermodynamic database used for this model was thermo.com.V8.R6 (Johnson et al, 2000) to which 
the steel reactants were added.  The masses of the different steel components, their surface areas, and total 
solution volume were those given in the in-package chemistry model used for the YM TSPA (CRWMS, 
2003).  The alloy masses used for this model are shown in Table 5, and the initial groundwater composition, 
which is typical of an argillite rock repository environment, is shown in Table 6. The volume of solution 
used in the model was 4.1 m3, which is based on the void volume within the spent fuel canister assumed in 
CRWMS, 2003. 
 

Table 5. Alloy masses and specific surface areas used in the X1t in-package chemistry model (values are 
from CRWMS, 2003)  

Materials 
Total Mass 

(kg) 
Specific Surface 

Area (m2 g-1) 

316 SS 5.9x103 4.1x10-6 

C-steel 1.2x103 8.7x10-5 

Aluminum alloy* 1.9x102 2.8x10-4 

Zircaloy cladding 3.6x102 1.3x10-3 

Spent Fuel 2.9x104 1.6x10-5 

*Indicated as “Boral” in discussion and figures below.  
 

Table 6. Initial solution composition used in X1t in-package chemistry model (from Fernandez et al., 
2007). This composition is typical pore-water from the Opalinus clay. 

Component 
Concentration 
(molar) 

pH 7.4 

Na 2.8x10-1 

Ca 2.3x10-2 

K 2.2x10-3 

Mg 2.1x10-2 

Fe 3.5x10-6 

Cl- 3.3x10-1 

SO4
2- 1.9x10-2 

CO3
3- 5.2x10-3 

SiO2 1.1x10-4 
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Figure 31 shows the flow of information for the coupled X1t – FMD model as well as the schematic layout 
and discretization of X1t IPC model.  The alloy corrosion rates discussed in Section 3 above are used to 
parameterize the IPC model, which tracks in package the H2 concentration based on its generation by alloy 
corrosion and its loss by diffusion/advection into the surroundings over the 100,000-year model time frame. 
The H2 concentration evolution determines the spent fuel degradation rate as calculated by the FMD model.   
 
The X1t model includes 21 reaction/diffusion cells (not shown in Figure 31) with the central cell including 
the materials shown in Table 2.  The diffusion coefficient used for H2 in all model cases was 6.0x10-5 cm2/s 
(Turnbull, 2008).  The porosity of the waste package cell was set to 80%, while the porosity in the bentonite 
and host rock cells were set to 30%.   
 

 
Figure 29. Flow of information for the coupled X1t prototype in-package chemistry and the FMD model. 

 
Thus, the four main functions of the X1t IPC mode are to:  

 Determine the amount of H2 produced and accumulated over a range of relevant alloy corrosion 
rates. 

 Quantify the kinetics of H2 removal (by diffusion or advection) from the waste package cell 
containing the spent fuel.  

 Track the dissolved H2 concentration within the in-package solution based on the first two bullets.  

 Provide the H2 concentration as a function of time to the FMD model so that the spent fuel 
degradation rate can be calculated as the in-package environment evolves.  
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As discussed in Sections 1 and 2 above, the most significant processes accounted for in the FMD model 
include burnup dependent radiolysis, U(VI) corrosion layer formation and the catalytic oxidation of H2 on 
the noble metal alloy. The H2 oxidation process proves to be dominant, inhibiting oxidative dissolution of 
the fuel, when the H2 concentration is greater than a certain threshold value as discussed in Jerden et al., 
2019 and shown schematically in Figure 3 above.  Results from FMD modeling (discussed below) show 
that the H2 concentration threshold needed to shut down oxidative dissolution of the fuel depend on the 
burnup of the fuel. Higher burnup fuels produced more radiolytic oxidants per time and thus the amount of 
H2 needed to overcome the radiolytic oxidative effect is higher. Therefore, sensitivity model runs were 
conducted using a higher fuel burn up value of 80 GWd/MTU and a relatively low burn up value of 30 
GWd/MTU. Other variables investigated in the model sensitivity runs for this study include: steel corrosion 
rates for different conditions (Eh, pH, NaCl concentration) and the advective rate of solution within the 
waste package (Table 7).  
 
It should be noted that the X1t IPC model represents a prototype or scoping model intended to inform future 
development of a more versatile in-package model that will be integrated within the GDSA framework and 
implemented in PFLOTRAN. There are several simplifying assumptions that the model currently uses that 
need to be replaced by more rigorous formulations in the future. The major simplifying assumptions are for 
the X1t IPC model are:  

 The use of first order alloy corrosion rate expressions (parameterized using data described in 
Section 3) that do not account for the evolving surface area of the corroding alloy. 

 The neglection of galvanic effects caused by alloys being in contact within the waste package.  
 
The results of the X1t IPC model are thus preliminary and not meant to accurately represent actual 
repository scenarios. Rather, the results are meant to yield insights as to how changes in in-package alloy 
corrosion rates influence the spent fuel degradation rate over repository relevant conditions and time scales. 
To this end a set of sensitivity studies were run using the range of measured alloy corrosion rates presented 
in Section 3 above. Table 7 shows the conditions used for the sensitivity runs and Figures 32 to 37 show 
the modeling results. The solution Eh, pH and [NaCl] referred to in Table 7 are the conditions for the 
solution flowing into the waste package during corrosion. These variables can evolve with time depending 
on the balance between the rate of advection/diffusion of solute into the waste package and the rates of 
alloy corrosion. The specific surface areas used for the alloys for each model run are shown in Table 5 
above.  The corrosion rates chosen for each set of Eh, pH and NaCl concentration conditions are based on 
the empirical relationships shown in Figures 29 and 30 above.   
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Table 7. Conditions for sensitivity runs performed using the linked X1t IPC and FMD models. The 
corrosion rates chosen for these model runs span the range of rates measured in the electrochemical tests 
discussed in Section 3 above. 

Model 
Case 

Solution 
Eh1 

pH2 [NaCl]3 C-Steel 
(g m-2 yr-1) 

316 SS 
(g m-2 yr-1) 

Boral4 

(g m-2 yr-1) 
Zircaloy 
(g m-2 yr-1) 

Advection5 

(m/yr) 

1 High Low High 1.0x106 1.0x100 4.0x104 5.0x10-1 0 (diffusion only) 

2 Low Low Low 1.0x106 1.0x10-3 4.0x103 1.0x10-2 0 (diffusion only) 

3 Low Low Low 1.0x106 1.0x10-3 4.0x103 1.0x10-2 0.1 

4 Low High Low 2.0x101 1.0x10-3 4.0x103 1.0x10-2 0 (diffusion only) 

5 Low High Low 2.0x101 1.0x10-3 4.0x103 1.0x10-2 0.1 

6 Low High High 1.0x102 2.0x10-1 4.0x103 1.0x10-2 0 (diffusion only) 

7 Low High High 1.0x102 2.0x10-1 4.0x103 1.0x10-2 0.1 

8 High Low Low 1.0x106 1.0x100 4.0x104 5.0x10-1 0 (diffusion only) 

9 High Low High 1.0x106 1.0x103 4.0x104 5.0x10-1 0 (diffusion only) 
1 Low Eh denotes -0.6 V to -0.2 V (vs SHE) and high Eh denotes 0.2 V to 0.6 V (vs SHE).  
2 Low pH denotes a value of 4 and high pH refers value of 10 (as used in the experiments described above).  
3 Low [NaCl] denotes concentrations ranging from nanomolal to micromolal and high [NaCl] denotes concentrations ranging 
from 0.1 to 1 molal NaCl. 
4 Boral is a borated aluminum alloy commonly used as a neutron absorber in spent fuel storage canisters. 
5 Advection refers to the rate of groundwater discharge through the breached waste package.  
 
Most of the corrosion rates used for the model runs are indicated on Figures 29 and 30 above. The corrosion 
rate for C-steel (AISI 4320) for the low pH model runs (Cases 1, 2, 3, 8 and 9) was 1.0x106 g m-2 yr-1 (row 
2, Table 1) and the high corrosion rate for 316SS used in model Case 9 is from high salt concentration, low 
pH data shown in row 8 of Table 2.  
 
Each model run involved the following steps: 

 The initial condition of the reactive transport domain (Figure 31):  

o  All cells fully saturated with a solution of the composition shown in Table 6.   

o The model starts with the condition of a breached and fully saturated waste package.   

o The spent fuel is assumed to be contacted by the in-package solution.  

 The age of the fuel is assumed to be 1100 years out of reactor.  Therefore, the model assumes that 
the waste package failed and was filled with solution 1000 years after emplacement and that the 
fuel was 100 years out of reactor when it was emplaced.  

 The four alloys (Table 5) are congruently reacted with the solution composition given in Table 6 at 
the rates specified in Table 7.  

 Geochemist’s Workbench (as implemented in X1t) was used to determine the evolution of the pH, 
Eh and speciation (solution and solids) of the simulated in-package solution corresponding to a 
given set of steel dissolution rates. 

 The amount of H2 produced and its distribution with time over the reactive transport domain 
(through diffusion and advection) are determined and quantified as fugacity and molal 
concentrations.  

 Results from the in-package solution simulations (i.e. H2 concentrations) are used as input to the 
FMD model, which is then used to calculate the spent fuel degradation rate.   

o Parameter values for the fuel environment are from Jerden et al., 2015.  
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o Temperature was held constant at 25 oC for all runs. 
o Each model case included two fuel burnup values (30 GWd/MTU and 80 GWd/MTU) as 

indicated in the results shown below.  
 The H2 threshold concentrations for inhibiting oxidative fuel degradation is 1.0x10-3 molal for 80 

GWd/MTU and 1.0x10-4 molal for 30 GWd/MTU. 
 
Figure 32a shows the masses of the in-package alloys (blue) and the most abundant corrosion products 
(gray) over the simulation duration for Case 1 (Table 7). For these conditions (low Eh, High pH and 
relatively high NaCl concentrations) the model predicts that C-steel will be nearly completely corroded to 
magnetite around 20 years after the waste package has been breached and the aluminum alloy Boral will be 
nearly consumed approximately 400 years after the waste package breach. The production of around 10 kg 
of zirconium oxide indicates that a moderate amount of Zircaloy has corroded; however, most of the original 
alloy remains at the end of the simulation. Only minimal amounts (~100 grams) of 316 SS are predicted to 
corrode for the Case 1 model conditions.  
 
The predicted in-package H2 concentration for Case 1 is shown in Figure 32b. The initially high 
concentrations of over 1 molal are due to the sudden rise in H2 fugacity caused by the relatively rapid 
corrosion of C-steel. Following the corrosion of C-steel and Boral the concentration reaches a long-term 
steady state concentration of 1.3x10-3 molal. This steady state concentration is due to the continued 
production of H2 by Zircaloy that persists throughout the 100,000-year time frame of the model. This 
concentration is higher than the threshold concentrations for inhibiting oxidative fuel degradation for both 
fuel burnup values (Figure 32c).  
 
Modeling Cases 2 and 3 have the same alloy corrosion rates (Table 7) and thus show the same alloy mass 
loss and corrosion products production with time, as shown in Figure 33(a). The difference between Cases 
2 and 3 and Case 1 is that the Zircaoly, 316SS and Boral corrosion rates are all lower due to the low chloride 
concentration condition for these runs (see Figures 29 and 30 above). As with Case 1 the rapid corrosion of 
C-Steel leads to its consumption 20 years after the waste package breach. Boral persists for around 4,000 
years, a factor of 10 longer than for the Case 1 conditions (Figure 33a). The slower corrosion of Zircaloy is 
indicated by the lack of significant zirconium oxide production (Figure 33a).  
 
The H2 concentrations for Cases 2 and 3 show similar trends but are off-set due to the presence of advective 
solution transport in Case 3 (light blue line in Figure 33b). Advection causes lower H2 concentrations as it 
transports H2 produced by corrosion out of the waste package cell at a rate faster than diffusion. The points 
on the curves shown in Figure 33b are the thresholds for inhibiting oxidative dissolution for the two 
different fuel burnups. The higher burnup fuel produces more radiolytic oxidants and thus requires a higher 
H2 concentration to counteract oxidation. The threshold concentrations are 1.0 millimolal H2 for the 
80GWd/MTU case and 0.1 millimolal for the 30GWd/MTU fuel. The H2 concentrations drop below these 
thresholds around the time when nearly all of the Boral is consumed. The spent fuel degradation rate for 
Case 2 increases to the oxidative dissolution rate at around 3,000 years, while the degradation rate for Case 
3 (light red line, Figure 33c) increases to the oxidative dissolution rate around 2,200 years after waste 
package breach. This difference is due to the lower H2 concentrations caused by advection.  
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Figure 30. Results from the Case 1 model scenario (Table 7). The time axis refers to the time elapsed from the start 
of in-package corrosion (assumed to be 1000 years after emplacement). The fuel is assumed to be 1100 years old at 
time zero in these model runs. In the bottom plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated 
degradation rate for the Case 1 scenario representing the chemical dissolution rate of the fuel. The dotted lines show 
the degradation rates calculated for cases with no H2 for a high burnup fuel (80 GWd/MTU) and a low burnup fuel 
(30 GWd/MTU).  
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Figure 31. Results from the Case 2 and 3 model scenarios (Table 7). The time axis refers to the time elapsed from the 
start of in-package corrosion (assumed to be 1000 years after emplacement). The points in the middle plot (b) indicate 
the H2 concentration thresholds for inhibiting oxidative fuel dissolution for the two different fuel burnups. In the 
bottom plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated chemical dissolution rate of the fuel. The 
dotted lines show the degradation rates calculated for cases with no H2 for a high burnup fuel (80 GWd/MTU) and a 
low burnup fuel (30 GWd/MTU).  
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The results for modeling Cases 4 and 5 are shown in Figure 34. These Cases are for low Eh, high pH and 
low NaCl concentrations without and with advection respectively. The only difference between these Cases 
and Cases 3 and 4 are that the corrosion rate used for C-steel is considerably lower (see high pH, low NaCl 
empirical curve in Figure 29). For these runs the Boral is the first alloy to be consumed at around 4,000 
years after the waste package breach, while the C-steel persists for the full 100,000-year model duration 
(Figure 34a). There is no significant corrosion of either 316SS or Zircaloy in these model cases.  
 
Approximately 1,000 kg of C-steel is corroded to magnetite during the Cases 4 and 5 runs, which leads to 
relatively high H2 concentrations throughout the model time frame (Figure 34b). The Case 4 H2 
concentration remains above the threshold concentration for inhibiting oxidative fuel dissolution for 
100,000 year; however, when advection is accounted for (Case 5) the H2 concentrations drop below the 
threshold values at 4,200 years for the 80 GWd/MTU fuel and at 90,000 year for the 30 GWd/MTU fuel 
(Figures 34b and 34c).  
 
Modeling Cases 6 and 7 are for low Eh, high pH and high NaCl conditions (Table 7) and are differentiated 
from Cases 4 and 5 by a somewhat higher corrosion rates for C-steel, 316SS and Zircaloy. As shown in 
Figure 35a, Boral is predicted to be the first alloy consumed at around 4,000 years and C-Steel is predicted 
to persist until around 70,000 years. The H2 concentration for Case 6 (no advection) remains above the 
threshold for inhibiting oxidative fuel dissolution until around 30,000 years for the 80 GWd/MTU fuel and 
around 40,000 years for the 30 GWd/MTU fuel. For Case 7 (with advection) the H2 concentration remains 
above the H2 threshold until around 20,000 years for the 80 GWd/MTU fuel and around 30,000 years for 
the 30 GWd/MTU fuel (Figures 35b and 35c).  
 
Case 8 is for high Eh, low pH and low NaCl concentration conditions and thus involves relatively high 
alloy corrosion rates (Table 7). For this Case, C-steel is predicted to be nearly completely consumed within 
20 years after waste package breach while Boral is consumed by year 400 (Figure 36a).  Both 316SS and 
Zircaloy show minor amounts of corrosion as evidenced by the production of magnetite, goethite and 
zirconium oxide relatively late in the simulation time (>10,000 years) (Figure 36a). The H2 concentration 
for Case 8 decreases to below the H2 thresholds for inhibiting oxidative fuel dissolution at around 1,500 
years (Figure 36b and 36c). Including advection for this model run did not produce significantly different 
results as those shown in Figure 36.  
 
Figure 37 shows the results for Case 9, which is for high Eh, low pH and high NaCl concentration 
conditions. This case differs from Case 8 by the higher 316SS corrosion rate used. For this run, in addition 
to the C-steel and Boral being consumed by 20 years and 400 years respectively, the 316SS is also 
consumed by around the 5,500-year mark of the simulation (Figure 37a). Minor Zircaloy corrosion is 
indicated by the production of approximately 10 kg of zirconium oxide. Following the consumption of most 
the 316SS the ferric oxyhydroxide Goethite begins to replace the primary iron corrosion phase magnetite. 
This is due to the relatively oxidizing conditions assumed for the seepage water (Table 7).  
 
The resulting H2 concentration for Case 9 falls below the thresholds for inhibiting oxidative fuel dissolution 
around the time that most of the 316SS is consumed (~5,000 years). Due to the steep decrease in the H2 
concentration, the time at which the two different burnup fuels commence oxidative dissolution are the 
same (Figures 37a and 37b). Advective transport through the waste package did not significantly change 
the results for Case 9. 
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Figure 32. Results from the Case 4 and 5 model scenarios (Table 7). The time axis refers to the time elapsed from 
the start of in-package corrosion (assumed to be 1000 years after emplacement). The points in the middle plot (b) 
indicate the H2 concentration thresholds for inhibiting oxidative fuel dissolution for the two different fuel burnups. 
In the bottom plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated chemical dissolution rate of the 
fuel. The dotted lines show the degradation rates calculated for cases with no H2 for a high burnup fuel (80 
GWd/MTU) and a low burnup fuel (30 GWd/MTU).  
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Figure 33. Results from the Case 6 and 7 model scenarios (Table 7). The time axis refers to the time elapsed from 
the start of in-package corrosion (assumed to be 1000 years after emplacement). The points in the middle plot (b) 
indicate the H2 concentration thresholds for inhibiting oxidative fuel dissolution for the two different fuel burnups. 
In the bottom plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated chemical dissolution rate of the 
fuel. The dotted lines show the degradation rates calculated for cases with no H2 for a high burnup fuel (80 
GWd/MTU) and a low burnup fuel (30 GWd/MTU).  
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Figure 34. Results from the Case 8 model scenario (Table 7). The time axis refers to the time elapsed from the start 
of in-package corrosion (assumed to be 1000 years after emplacement). The points in the middle plot (b) indicate the 
H2 concentration thresholds for inhibiting oxidative fuel dissolution for the two different fuel burnups. In the bottom 
plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated chemical dissolution rate of the fuel. The dotted 
lines show the degradation rates calculated for cases with no H2 for a high burnup fuel (80 GWd/MTU) and a low 
burnup fuel (30 GWd/MTU).  
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Figure 35. Results from the Case 9 model scenario (Table 7). The time axis refers to the time elapsed from the start 
of in-package corrosion (assumed to be 1000 years after emplacement). The points in the middle plot (b) indicate the 
H2 concentration thresholds for inhibiting oxidative fuel dissolution for the two different fuel burnups. In the bottom 
plot (c), the solid line just below 2x10-4 g m-2 yr-1 is the calculated chemical dissolution rate of the fuel. The dotted 
lines show the degradation rates calculated for cases with no H2 for a high burnup fuel (80 GWd/MTU) and a low 
burnup fuel (30 GWd/MTU).  
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5. CONCLUSIONS AND FUTURE WORK 
 

5.1 Conclusions 
 
This report presents new results from a series of electrochemical corrosion tests that provide information 
needed to parameterize the fuel matrix degradation (FMD) model and an associated prototype in-package 
chemistry (IPC) model. The data provide corrosion rates for the major in-package alloys over a range of 
relevant pH and redox conditions. The alloys tested are: 316L stainless steel (316SS), AISI 4320 carbon 
steel (C-steel), Zircaloy-4 and the borated aluminum composite material Boral. The range of conditions 
were: pH 4, 7 and 10, salt concentrations ranging from nanomolal to around one molal and several relevant 
potentials (see Tables 1 – 3). All tests were performed at laboratory ambient temperatures (~22oC). These 
electrochemical tests provide new insights into the corrosion behavior of these in-package alloys that 
traditional mass loss tests (coupon immersion) do not provide. The primary findings are as follows:  
 

 Based on the trend lines shown in Figure 29, the corrosion rates for the carbon steel and Boral 
samples in millimolal salt solutions increase by a factor of approximately 10 over the relevant 
potential range of -0.6 V to 0.6 V (vs SHE). At higher salt concentrations (0.1 molal) carbon steel 
shows a dramatic increase in its corrosion rate (~ 6 orders of magnitude) over this potential range.  

 The corrosion rate of carbon steel decreases from values greater than 1x105 g m-2 yr-1 for all tests 
performed in millimolal (or greater) salt concentrations down to around 30 g m-2 yr-1 in tests run at 
the lowest salt concentration (around 1 nanomolal).   

 Boral showed evidence of non-uniform corrosion at potentials greater than 0.24 V (vs SHE) 
(Figures 14). 

 Based on the trend lines shown in Figure 30, the corrosion rate of 316 stainless steel tested in pH 7 
and 10, millimolal salt solutions increases dramatically (by 7 orders of magnitude) over the relevant 
potential range of -0.6 V to 0.6 V (vs SHE). The increase in 316 stainless steel corrosion rates in 
tests performed in pH 4, millimolal salt solutions is less steep over this potential range (increasing 
by around 3 orders of magnitude) but yields higher corrosion rates at lower potentials (Figure 30).  

 The trend line for Zircaloy in Figure 30 indicate that its corrosion rate increases by approximately 
2 orders of magnitude over the relevant potential range of -0.6 V to 0.6 V (vs SHE). 

 
The corrosion rates measured in electrochemical tests with individual alloys were used as direct input to 
demonstrate the coupled in-package chemistry (IPC) – fuel matrix degradation (FMD) model that is being 
developed to provide long-term spent fuel degradation rates as chemical conditions (Eh, pH, speciation) 
evolve within a breached waste package. The combined prototype IPC and FMD model discussed in Jerden 
et al., 2019 and this report has been updated in the current study to account for the new alloy corrosion rate 
data. The coupled fuel degradation/IPC model links the FMD mixed potential code with the reactive 
transport code X1t, which is a module within the Geochemist’s Workbench (GWB) software package. The 
reactive transport model consists of a 1D domain discretized with 21 reaction diffusion cells and includes 
a single waste package cell, two cells within the bentonite backfill and then 19 other cells within the near-
field host rock.   
 
The concentration of dissolved H2 is the key variable in the FMD model, therefore, being able to accurately 
model the evolution of H2 within the waste package is essential for accurately predicting long-term spent 
fuel degradation rates. The prototype X1t, IPC model has been used successfully to calculate the amount 
of H2 produced and accumulated within a breached waste package due to the corrosion of stainless steel, 
carbon steel, Boral and Zircaloy and the results are discussed above. The experimental results for individual 
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alloys were used to exercise the model for a set of 9 new model cases (Table 7). This model uses the masses, 
surface areas and corrosion rates of each alloy to calculate the H2 generation rate and tracks all relevant 
chemical speciation reactions to provide information on in-package pH, Eh and chemistry for a 105-year 
generic repository simulation. The model includes both the diffusive and advective transport of dissolved 
H2 away from the waste package to track the concentration over time.   
 
The sensitivity runs performed with this combined prototype IPC - FMD model using the new in-package 
alloy corrosion data presented above resulted in the following observations:  
 

 For model runs using the corrosion results from tests performed in pH 4 solutions, the in-
package carbon steel is predicted to be consumed by corrosion within 20 years of the waste 
package being breached. This rapid corrosion causes a sharp maximum in H2 fugacity and 
concentration. The concentration of H2 does not decrease rapidly following the consumption 
of carbon steel due to H2 production by the relatively rapidly corroding Boral materials.   

 Boral is predicted to persist for around 400 years under high Eh conditions and for around 
4,000 years under low Eh conditions. Boral is the major source of H2 in model cases with rapid 
carbon steel consumption and slow stainless steel and Zircaloy corrosion (Cases 2 and 3, Figure 
33).  

 In most cases stainless steel and Zircaloy are predicted to persist for over 100,000 years after 
the waste package has been breached. This is due to their low corrosion rates as measured in 
the electrochemical experiments (below 0.01 g m-2 yr-1). These alloys do produce H2 as they 
slowly corrode, but the rate is too low to maintain the H2 concentration above the threshold for 
inhibiting oxidative dissolution of the fuel for most cases. The exception being Case 1 where a 
stainless steel corrosion rate of 1 g m-2 yr-1 leads to a H2 production rate that maintains the 
concentration below the oxidative dissolution threshold for the duration of the model time 
frame (Figure 33). 

 The relatively low corrosion rates for stainless steel and Zircaloy (below 1 g m-2 yr-1 for all 
cases except one) lead to their persistence through the 100,000-year time frame for the 
simulations. These alloys produced H2 throughout the model runs; however, the amount 
produced is small. 

 Including a pore water advection rate of 0.1 m/yr through the waste package cell decreases the 
H2 concentration by a factor of approximately 4. This leads to H2 concentrations dropping 
below the threshold needed to inhibit oxidative dissolution of the fuel under some conditions 
(e.g., see Case 5, Figure 34). 

 Under high Eh conditions, the model predicts that the in-package H2 concentration will have a 
steep increase corresponding to the rapid corrosion of carbon steel and Boral during the first 
400 years following the waste package breach, but will fall below the threshold for inhibiting 
oxidative fuel dissolution by approximately 1,500 years due to H2 diffusion out of the waste 
package cell. 

 
The results of this study confirm the conclusions and recommendations that were identified and discussed 
in Jerden et al., 2017, Jerden et al., 2018 and Jerden et al., 2019. Several of the information gaps identified 
in those studies remain, but the present study has demonstrated how electrochemical testing methods can 
be used to address the key information gaps. Clearly, the environmental dependencies of in-package alloy 
corrosion rates must be taken into account in the FMD model to represent the evolving conditions in a 
breached waste package. Electrochemical measurements of alloy corrosion rates provide values and 
dependencies on T, Eh, pH, and Cl– conditions for active corrosion and after passivation and thus are 
essential for source term model parameterization and validation. However, the effects of Galvanic coupling 
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on the long-term corrosion rates and analytical functions for the pH and chloride ion concentration effects 
remain to be determined. Also, galvanic coupling of fuel and alloys (particularly Zircaloy) must be assessed. 
 

5.2 Future Work 
The primary information gaps that still need to be filled to reduce uncertainties in long-term spent fuel 
degradation and associated radionuclide source term modeling include the following:  
 

 Corrosion rates for galvanically coupled alloys and fuel remain to be measured. 

 A robust waste package breaching model based on reliable electrochemical measurements such as 
those described in this report, is needed to determine the time at which spent fuel degradation 
initiates. This is particularly important for high burnup fuels that will produce high concentrations 
of radiolytic oxidants if contacted by water at times less than 1000 years out of the reactor. The 
threshold concentration of H2 needed to inhibit oxidative dissolution will be higher for “young” 
fuels relative to older fuels.  

 The mechanism by which H2 inhibits the oxidative dissolution of spent fuel remains uncertain. The 
mechanism is currently modeled in the FMD model as a catalytic process by which H2 oxidation is 
energetically promoted on the surface of the Ru-epsilon phase particles (see Figure 3 above and 
Broczkowski et. al., 2005). However, other processes may also influence the H2 effect on fuel 
dissolution such as the destruction of radiolytic oxidants (e.g., H2O2) by H2 within the solution near 
the degrading fuel surface. Electrochemical tests performed on simulated spent fuel (e.g., 
lanthanide and noble metal doped UO2) could be used to address this issue.  

 Relatedly, any processes that counteract the mechanism by which H2 suppresses oxidative fuel 
degradation need to be accounted for. There is some evidence that halides (particularly Br) may be 
capable of poisoning the catalytic properties of the Ru-epsilon phase particles (Metz et. al., 2008), 
although the process is not fully understood or quantified.  Electrochemical tests on simulated noble 
metal particle bearing fuel could be used to address this issue.  

 It is also important that any processes that consume H2 within the breached waste package be 
quantified and taken into account in the IPC – FMD model. Two key processes known to consume 
H2 that have not yet been fully quantified experimentally or included in the IPC model are microbial 
oxidation of H2 (e.g., Bagnoud et al., 2016) and the chemical conversion of H2 to sulfur species 
such as H2S, HS-, S2-. These processes could lead to higher fuel degradation rates by decreasing H2 
concentrations within the breached waste package and need to be understood and quantified.  

 
The use of tailored electrochemical methods such as those discussed in this report offer the most accurate 
and versatile means for quantifying the long-term degradation behavior of spent fuel because its primary 
degradation mechanism is electrochemical in nature. Future studies should build on the existing alloy 
corrosion database and electrochemical modeling techniques to fill the data gaps identified above.  
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